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N-(2-MERCAPTOETHYL)-l ,3-PROP ANEDIAMINE  (WR-1065)  PROTECTS 
THYMOCYTES  FROM  PROGRAMED  CELL  DEATH1 

NARAYANI  RAMAKRiSHNAN2  and  GEORGE  N.  CATRAVAS 
F rom  the  Office  of  Chair  oj  Science.  Armed  Forces  Radtobtology  Research  Institute.  Bethesda.  MD  20889 


Gamma-Irradiation,  glucocorticoid  hormones,  and 
calcium  ionophores  stimulate  a  suicide  process  in 
thymocytes,  known  as  apoptosis  or  programed  cell 
death,  that  involves  internucleosomal  ONA  frag¬ 
mentation  by  a  Ca1*-  and  MgJ*-dependent  nuclear 
endonuclease.  In  this  study  we  report  that  /V-(2-mer- 
ca pt oethy  1  }-l, 3-propanedla mine  (WR-1065)  blocked 
ONA  fragmentation  and  cell  death  in  thymocytes 
exposed  to  7-radiation,  dexamethazone,  or  calcium 
lonophore  A23187.  WR-1065  protected  the  thymo¬ 
cytes  from  radiation-induced  apoptosis  when  incu¬ 
bated  with  cells  after  irradiation  but  not  before  and/ 
or  during  irradiation.  WR-1065  inhibited  Ca3*-and 
Mga--deperdent  DNA  fragmentation  in  isolated  thy¬ 
mocyte  nuclei.  Our  results  suggest  that  WR-1065 
protects  thymocytes  from  apoptosis  by  Inhibiting 
Ca2*-  and  Mga*-dependent  nuclear  endonuclease  ac¬ 
tion. 

Thymic  small  lymphocytes,  commonly  known  as  thy¬ 
mocytes.  undergo  a  suicide  process  known  as  apoptosis 
or  programed  ceil  death  In  response  to  several  stimuli. 
Including  exposure  to  7-radtation  (1-3),  glucocorticoid 
hormones  |4-6).  calcium  Ionophores  (6).  antibodies  to  the 
CD3-TCR  complex  (7).  or  the.environmental  contaminant 
2.3,7.8-tetrachlorodlbenro->-dloxln  (8).  The  apoptotlc 
death  of  thymocytes,  lymphocytes,  and  Intestinal  crypt 
cells  after  clinically  relevant  doses  of  Irradiation  (2-5 
Gy’)  distinguishes  them  from  most  other  cells,  which 
undergo  reproductive  death  at  these  radiation  doses  (9- 
14).  In  reproductive  death  the  cell  functions  until  It  at¬ 
tempts  one  or  more  cell  divisions,  after  which  ft  dies  ( 1 5). 
In  apoptosis,  however,  the  damage  manifests  Itself  In  the 
absence  of  mitosis.  Apoptosis  Is  characterized  by  several 
morphologic  and  biochemical  changes,  Including  plasma 
and  nuclear  membrane  blebblng,  Impairment  In  mem¬ 
brane  permeability,  chromatin  condensation.  DNA  frag¬ 
mentation,  and  Impairment  of  ATP  synthesis  (9).  The 
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most  characteristic  biochemical  marker  for  apoptosis  Is 
nuclear  DNA  fragmentation  Into  ollgonucleosomal  sub¬ 
units  that  can  be  recognized  from  random  cleavage  ob¬ 
served  In  cells  undergoing  necrosis  (1-6). 

The  radioprotectant  drug  WR-2721  Is  a  well-known 
protective  agent  that  selectively  protects  normal  tissues 
against  cytotoxicities  of  radiation  and  chemotherapeutic 
alkylating  agents  (16-21).  WR-1065  the  dephosphory- 
lated  form  of  WR-2721  and  generally  considered  to  be 
the  active  form  of  the  drug,  has  been  shown  to  protect 
the  mammalian  cells  In  vitro  from  radiation-induced  re¬ 
productive  death  (22-25).  In  this  report  we  describe  the 
protective  effectsof  WR-1065  on  apoptosis  In  thymocytes 
Induced  by  >•'  -radiation,  dexamethazone.  and  calcium 
lonophore  A23187. 

Materials  and  methoos 

TCM.  RPMt  1640  medium  wipplrmrnlrd  with  25  mM  HEPES 
buffer.  2  mM  L-glul*mln*.  55«M2-ME.  100  U/ml  prnclllln.  100*4/ 
ml  Alrrptomyrln.  0.25  *g/ml  amphotericin  H,  and  101  heat-mactl- 
valrd  FCS  wa»  used  In  all  the  ntudie*. 

Cell  isolation.  CD2FI  male  mice.  6  to  7  wk  old.  were  aaphvxlalcd 
with  CO,,  and  (heir  Ihymuaea  were  removed  and  placed  m  fCM  on 
Ire  Single  cell  atiapmalon*  were  prepared  by  pressing  the  organa 
f, trough  wire  meah  arreena  followed  hy  paaaage  through  a  25-gauge 
needle  The  auapenamna  were  waahrd  once  In  TCM  and  rrauapended 
In  cold  Trlabulferrd  lantonk-  ammonium  rhlorlde  to  lyae  the  red 
rella  |2fi)  The  rella  were  waahed  once  In  TCM  and  resuspended  In 
TCM  Viable  cell  number*  were  determined  by  trypan  blue  dye 
exclusion  method  (27). 

1  Irradiation.  Ttiymoryte*(2  *  IO*/ml|  were  exposed  to  I  StoflO 
Gy  “Vo  > radiation  at  a  doae  rate  of  I  Ov/min 

Intubation  of  thyme*  pro.  Immediately  after  Irradlallon.  rella 
were  rentrlfuged  at  200  *  Q  for  10  min.  rrauapended  In  freah  medium 
al  2  *  10*  rrlla/ml.  and  Inrubated  with  WR-1065  in  TCM  ronlainlng 
|fX)  U/ml  ratalaae  at  37"C  In  a  humidified  Inrubalnr  under  an 
atmosphere  of  5%  CO,  In  air 

Dexamethazone  waa  dlaaotved  In  a  minimum  volume  of  ethanol 
and  diluted  lothe  desired  concentration  with  TCM  Thvmorvtea  were 
inculcated  with  different  meteent  rat  Inna  of  dexamethazone  in  TCM 
with  or  wllhcxil  WR-1065  aa  dearrthed  above  A  almllar  quantity  of 
ethanol  waa  added  to  control  a  The  at-Kitra  were  repeated  wtlh 
different  concent  raltona  of  ealrtum  lonophore  A2.1IS7 

DNA  froumrnfoflon  nsaay,  At  ae'r,  te-i  Mine*  rella  were  harvralcd 
by  rente)?. station  -it  200  *  rj  foe  in  mm  The  rella  were  hard  with 
0  5  ml  x  e-cold  hvpntnnlr  lyatng  buffer  (to  mM  Trls-HO.  pH  7  5, 
ronlainlng  I  mM  KOTA  and  0  21  Triton  X-100|  and  centrifuged  at 
1.1. (MX)  *  q  foe  20  min  loaeparate  Inlart  from  fragmented  DNA  The 
petlel  waa  then  anntrafed  for  10  a  In  0  5  ml  Ivala  txjlfer  DNA  In  the 
pellet  and  auix-rnalant  fraction*  waa  deirrmirted  bv  an  automated 
f  luommet rfr  method  ualng  (lor,  hat  11256  flunmrhmme  |26  20). 
mtallfled  for  our  studies.  Thla  DNA  analyst*  I*  baaed  on  the  ability 
of  llnei  hat  11256  lo  bind  DNA  quantitatively  to  form  a  fluorescent 
rr.  nplrx 

A  slnrfc  anlntfon  of  Hnrchal  11256  (1  mg  ml)  waa  prejwred  In 
dlallllrd  water  Tula  aolullnn  I*  atatilr  for  2  »  k  If  kejit  at  4'C  In  the 
dark  A  I  »g  ml  working  aolullnn  waa  prepared  tlallv  bv  diluting  the 
an*  K  with  running  Ixiller  (0  5  M  phoaphale  butfee,  pH  7  0  eonlaln- 
Ing  0  1)55  Hrl|  S  I5|  The  working  dye  container  waa  wrapped  in 
aluminum  foil  to  protect  It  from  ambient  light  during  the  analvala 

Cnntlnuona  Dow  anatval*  waa  perftH-med  with  Technlron  Antoan- 
alvzer  II  enmponenta  (Technlron  Inalmmenta  Corp  .  Tarn-town.  NY). 
Including  an  autosamplef  fined  with  »  40  place  aample  fray,  a  alngle 
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•peed  proportioning  pump,  and  a  fluoronephelometer.  The  fluores¬ 
cence  signal  was  directed  to  a  Hewlett-Packard  3390A  Integrator 
(Hewlett-Packard.  Downer's  Grove.  IL),  which  automatically  Identi¬ 
fied  and  quantitated  sample  peaks.  All  tubes  were  flow-rated  Tygon 
tubing  (Fisher  Scientific,  Pittsburg,  PA).  We  used  a  sampler  cam  that 
allowed  the  analysis  of  40  samples/b  with  a  1  min  running  buffer 
wash  between  30-s  sample  draws.  A  minimum  sample  volume  of 
0.35  ml  was  required  with  the  pump  tube  used  (0.6  ml/mln). 

The  concentration  of  DNA  corresponding  to  the  peak  height  value 
of  each  sample  was  calculated  from  a  curve  of  calf  thymus  DNA 
standards,  by  using  a  computer  software.  We  found  that  fluorometrlc 
autoanalysis  of  DNA  is  more  sensitive  and  reproducible  than  dlphen- 
ylamlne  method.  Sample  concentrations  ranging  from  I  to  20  yg/ml 
were  easily  analyzed  with  the  system.  The  sensitivity  can  be  In¬ 
creased  by  Increasing  the  volume  of  the  sample  draw  and  adjusting 
the  sensitivity  of  the  fluoronephelometer  and  Integrator.  Measure¬ 
ments  were  unaffected  by  the  presence  of  cell  homogenates  or 
reagents  In  the  sample. 

Percentage  of  DNA  fragmentation  refers  to  the  ratio  of  DNA  In  the 
13000  x  g  supernatant  to  the  total  DNA  in  the  pellet  and  1 3000  x  g 
supernatant. 

DNA  electrophoresis.  The  pellets  and  the  supernatants  were 
Incubated  with  RNase  (50  ag/ml)  for  1  h  at  37" C.  After  this  Incuba¬ 
tion.  50  sg/ml  proteinase  K  were  added  and  the  Incubation  continued 
for  an  additional  1-h  period.  The  DNA  was  sequentially  extracted 
with  equal  volumes  of  phenol  and  chloroformdsoamylalcohol  (24:1). 
The  aqueous  phase  was  precipitated  with  two  volumes  of  ethanol  at 
-20*C  overnight.  Pellets  were  air  dried  and  resuspended  In  Trls- 
EDTA  buffer  (10  mMTrts-HCl.  pH  7.8.  and  I  rnM  EDTA).  Horizontal 
electrophoresis  of  DNA  was  performed  for  2.5  h  at  100  V  In  0.75'c 
agarose  gel  with  90  mM  Trts.  90  mM  boric  acid,  and  2  mM  EDTA. 
pH  8.0.  as  running  buffer.  DNA  was  visualized  after  electrophoresis 
by  ethfdlum  bromide  staining. 

Nuclei  Isolation  and  endogenous  nucb  ase  activity.  Nuclei  were 
prepared  from  the  thymocytes  by  the  method  of  Cohen  and  Duke  (5). 
The  nuclei  were  suspended  In  Trls-buffered(10  mM.  pH  7.5)  Isotonic 
sodium  chloride  and  incubated  at  37*C  for  4  h  In  the  presence  of 
different  cations.  After  incubation,  the  nuclei  were  sedimented  at 
200  x  g  for  10  min.  The  supernatant  was  discarded  because  It 
contained  no  DNA.  The  nuclear  pellet  was  lysed  with  lysis  buffer, 
and  Intact  DNA  and  fragmented  DNA  were  estimated  as  described 
for  whole  celts. 

Materials.  RPMI  1640  medium.  2-ME.  and  the  antibiotic  mixture 
were  purchased  from  GIBCO.  Grand  Island.  NY:  FCS  was  obtained 
from  HyClone  Laboratories.  Logan.  UT:  Hoechst  33238  fluorochrome 
was  purchased  from  Calblochem-Behrlng.  La  Jolla,  CA:  Dexameth- 
•zone  and  calcium  lonophore  A23I87  were  purchased  from  Sigma 
Chemical  Co.,  St.  Louis.  MO:  and  WR-2721  and  WR-1065  were 
kindly  provided  by  the  Drug  Synthesis  and  Chemistry  Branch.  Divi¬ 
sion  of  Cancer  Treatment.  National  Cancer  Institute.  Bethesda.  MD. 


RESULTS 

WR-1065  Inhibits  radiation- Induced  DNA  fragmen¬ 
tation  and  cell  death  In  thymocytes.  Single  cell  suspen¬ 
sions  were  prepared  from  thymuses  and  exposed  to  dif¬ 
ferent  doses  of  y-radlatlon.  After  Irradiation  the  thymo¬ 
cytes  were  resuspended  In  fresh  medium  containing  10 
mM  WR-1065  and  Incubated  at  37'C  as  described  In 
Materials  and  Methods.  The  level  of  DNA  fragmentation 
was  determined  at  various  times  postlrradlatlon.  DNA 
fragmentation  Increased  with  radiation  dose  and  with 
time  postlrradlatlon.  (Fig.  1 .  A-D ).  It  Is  Interesting  to  note 
that  DNA  fragmentation  was  complete'y  blocked  In  cells 
Incubated  with  WR- 1 065  after  different  doses  of  y-radla- 
tlon  (Fig.  1.  A-D).  In  all  experiments,  the  background 
DNA  fragmentation  In  unlrradlated  thymocytes  In¬ 
creased  with  time  to  a  maximum  level  of  10  to  15^  at  8 
h.  There  was  no  background  DNA  fragmentation  In  unlr- 
radlated  thymocytes  after  WR-1065  treatment  (Fig.  1  A), 

Electrophoretic  analysis  of  pellet  and  supernatant  DNA 
Isolated  from  6.0  Gy-irradlated  thymocytes  showed  typi¬ 
cal  -ladder"  pattern,  consisting  of  DNA  fragments  of  a 
size,  multiple  of  200  bp  unit  (Fig  2.  lanes  D  and  //. 
respectively).  This  pattern  of  DNA  fragmentation  has 
already  been  shown  after  y-lreadlation  (1,2)  and  gluco¬ 
corticoid  treatment  M)  ol  thymocytes.  The  pellet  DNA 


Figure  I.  Effect  of  WR-1065  on  DNA  fragmentation  In  thymocyte* 
exposed  to  Increasing  done*  of  -r radiation  Thymocytes  (2  x  10*)  were 
Irradiated  In  TCM  at  a  dose  rate  of  1.0  Gy/mln.  The  percentage  of  DNA 
fragmentation  was  measured  after  various  time*  of  Incubation  with  or 
without  10  mM  WR-1065.  under  the  conditions  mentioned  tn  Materials 
and  Methods.  The  results  are  mean  ±  SE  from  three  experiments.  A. 
unlrradlated:  A.  unlrradlated  -  WR-1065:  C.  Irradiated;  •.  Irradiated  ♦ 
WR-1065. 
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Figure 1.  Agarone  gel  electrophoresis  of  pellet  and  supernatant  DNA 
Isnlatrd  from  unlrradlated  or  6  0  Gy  lrradlitted  thymocytes  after  6  h 
Incubation  with  or  without  10  mM  WR-1065.  The  molecular  size  standard 
DNA  Is  a  I  kb  DNA  ladder  purchased  from  GIBCO,  Lane  A.  standard  I- 
kb  DNA  bidder,  lone  H.  unlrradlated  pellet:  lane  C.  unlrradlated  +  WR- 
1065- pellet:  lane  1),  6.0  Gv- pellet:  fane  F.  6  0  Gy  *  WR- 1 065-pellet:  lane 
F.  unlrrndlated-supematant;  lane  G.  unlrradlated  +  WR- 1065-supema- 
tant;  lane  It.  8  OGy-supematant;  fane  I.  6  0  Gy  *  WR-  1065-supernatant. 


Isolated  from  Irradiated  thymocytes  after  WR-1065  treat¬ 
ment  was  of  high  m  \v.  and  remained  at  the  top  of  the 
gel.  and  there  was  no  "ladder"  pattern  of  DNA  bands  (lane 
E).  The  supernatant  obtained  from  Irradlated-thymo- 
cytes  treated  with  WR-1065  had  no  DNA  fragments  (tone 
/).  The  pellet  and  supernatant  DNA  of  unlrradlated  thy¬ 
mocytes  contained  a  small  amount  of  fragmented  DNA 
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(lane  B  and  lane  F.  respectively).  The  pellet  DNA  Isolated 
from  unirradiated  cells  treated  with  WR- 1065  was  of  high 
m.w.  (lane  C).  There  were  no  DNA  fragments  in  the 
supernatant  isolated  from  unlrradlated  cells  treated  with 
WR-1065  (lane  G).  These  results  clearly  indicate  that 
WR-1065  protects  the  thymocytes  from  radiation-in¬ 
duced  DNA  fragmentation. 

Figure  3  shows  the  effect  of  varying  concentrations  of 
WR-1065  on  DNA  fragmentation  In  thymocytes  after 
different  doses  of  -H eradiation.  The  Inhibition  of  radia¬ 
tion-induced  DNA  fragmentation  depended  on  the  con¬ 
centration  of  WR-1065  during  postlrradlation  Incuba¬ 
tion.  At  2.5  mM  WR-1065  there  was  1  to  10%  DNA 
fragmentation  in  thymocytes  exposed  to  1.5-6  Gy  y 
radiation,  and  maximum  inhibition  of  DNA  fragmenta¬ 
tion  was  obtained  at  5  to  10  mM  WK-1065.  We  used  10 
mM  WR-1065  in  all  our  studies,  and  It  was  not  toxic  to 
the  cells,  as  shown  In  Figure  4.  Cell  viability  was  assessed 
by  trypan  blue  dye  exclusion  method.  After  Irradiation 
the  fraction  of  dead  cells  Increased  progressively  with 
time.  Addition  of  WR-1065  to  unlrradlated  or  Irradiated 
thymocytes  maintained  their  viability  at  90  to  95%  (Fig. 
4).  The  results  also  Indicate  that  DNA  fragmentation  In 
irradiated  thymocytes  precedes  the  loss  of  viability  (Figs. 
1  and  4).  which  Is  consistent  with  the  results  reported  by 


Figure  3.  Effect  of  Increasing  concent  radons  of  WK-1065  on  radla- 
tlon-lnduced  DNA  fragmentation  In  thymocytes.  Thymocytes  were  ex¬ 
posed  to  different  doses  of  vradlatlon.  and  percentage  of  DNA  fragmen¬ 
tation  was  measured  after  A  h  Incubation  with  increasing  concentrations 
of  WK-1065.  The  results  are  mean  *  SE  from  three  experiments.  O.  15 
Gy;  #,  3  0  Gy:  A.  4  5  Gy;  A.  6  0  Gy 


others  (1-6). 

In  the  above-mentioned  studies,  thymocytes  were  in¬ 
cubated  with  WR-1065  after  Irradiation.  Further  studies 
were  carried  out  to  determine  whether  the  addition  of 
WR- 1 065  before  Irradiation  protects  the  thymocytes  f rom 
DNA  fragmentation.  Thymocytes  were  exposed  to  7-ra- 
dlation  after  60  min  Incubation  with  10  mM  WR-1065. 
After  irradiation,  the  cells  were  centrifuged,  resuspended 
in  fresh  medium  without  WR-1065.  and  DNA  fragmen¬ 
tation  was  measured  after  8  h  of  postlrradlation  Incuba¬ 
tion.  The  results  shown  In  Table  I  indicate  that  WR-1065 
added  to  thymocytes  before  Irradiation  does  not  protect 
them  from  radiation-induced  DNA  fragmentation. 

WR-1065  blocks  dexamethazone-  and  calcium  lono- 
phore  A23 187  Induced  DNA  fragmentation  In  thymo¬ 
cytes.  Glucocorticoid  hormones  and  calcium  ionophores 
are  known  to  stimulate  apoptosis  in  thymocytes,  which 
in .  lives  extensive  DNA  fragmentation  by  CaJ'-and  MgJ*- 
dependent  nuclear  endonuclease  (4-6).  We  studied  the 
effect  of  WR-1065  on  dexamethazone-lnduced  and  cal¬ 
cium  lonophore  A23187-stlmu!ated  DNA  fragmentation 
In  thymocytes.  Thymocytes  were  Incubated  with  increas¬ 
ing  concentrations  of  either  dexamethazone  or  calcium 
lonophore  A23187  with  and  without  WR-1065  In  me¬ 
dium  at  37°C  for  8  h.  Dexamethazone  and  calcium  lono¬ 
phore  A23137  stimulated  concentration-dependent  DNA 
fragmentation  and  cell  death  (Table  II)  In  thymocytes. 
WR-1065  blocked  the  dexamethazone-lnduced  and  cal¬ 
cium  lonophore-stimulated  DNA  fragmentation  and  cell 
death  (Table  II)  In  thymocytes. 

WR-1065  Inhibits  Ca3'-  and  Mg3'  dependent  DNA 
fragmentation  In  thymocyte  nuclei.  Several  studies  In¬ 
dicate  that  DNA  f  ragmentatlon  observed  during  apoptosis 


TABLE  I 

Effect  of  pretrradtatlon  incubation  of  WR- 1 065  on  DNA  fragmentation 
_ m  thymocyte* 


Treatment 

DNA  Fragmentation  (**) 

OGy 

3  OGy 

6  OGy 

Control 

15  At  0  5* 

43  7  ill 

50  5  1  08 

WH-  1085* 

14.3  ±  1.5 

40  5  ±  3  2 

49  7  1  1  7 

*  The  results  Are  mean  ±  SE  from  three  experiments 
•Thymorytes  were  irradiated  after  60  min  Incubation  with  10  mM 
WR- 1 065  In  TCM  containing  100  U/ml  catalase  After  irradiation,  cells 
were  centrifuged,  resuspended  In  fresh  medium  without  WK-1065.  and 
Incuhafed  for  8  h.  Incubation*  and  DNA  analyst*  were  earned  out  under 
the  condition*  mentioned  in  Material a  and  Method .* 


Ftgure4  Effect  of  10  mM  WR-1065  on  cell  death  a!  various  time* 
after  Irradiation  at  6  0  Gy  Viability  la  expressed  as  the  percentage  of 
cells  that  excluded  trypan  blue  The  reaulta  are  mean  t  SE  from  three 
experiments  A.  umrradlated;  A.  unlrradlated  ♦  WH-1065:  O.  Irradiated. 
#.  irradiated  ♦  WR-1065 


TABLE  If 

Effect  of  WR  I0G5  on  cett  viabiUtg  and  DNA  fragmentation  tn 
thymori/tes  exposed  to  detamethatnne  or  calcium  ionophore  A231A7 

Viability  |*1j#  DNA  FragnwniaOnn  ("J  j* 

T  mu  men  lx - - 

-  WR-I0M  ♦  WR-I0A3  -  WR •  1 0*5  ♦  WR-1065 


Deiamel  h«<nne 


0  nM 

95 

± 

3 

96 

t 

2 

12 

5 

t 

17 

1  5 

t 

0  0 

100  nM 

78 

t 

0 

91 

± 

3 

40 

0 

t 

2  5 

1  8 

♦ 

1  2 

200  nM 

69 

± 

10 

92 

± 

5 

47 

2 

* 

12 

2  1 

t 

1  3 

1  mM 

40 

4 

90 

± 

4 

53 

1 

♦ 

1  5 

1  2 

t 

0  9 

I0„M 

25 

± 

0 

91 

t 

0 

57 

5 

t 

12 

2  9 

t 

1  2 

A23187 

0  nM 

95 

± 

3 

96 

t 

2 

14 

5 

t 

1  6 

1  0 

t 

05 

100  nM 

80 

* 

7 

91 

± 

3 

?0 

6 

i 

1  8 

10 

t 

0  5 

200  nM 

75 

± 

3 

89 

t 

4 

26 

1 

t 

09 

1  7 

± 

0  7 

400  nM 

67 

± 

0 

90 

t 

2 

33 

6 

± 

1  8 

1  9 

± 

0  9 

1  hM 

56 

± 

7 

87 

t 

6 

44 

1 

t 

0  7 

19 

t 

0  8 

•  Viability  la  exprrsaed  aa  the  percentage  of  cella  that  excluded  trypan 
blue  after  8  h  Incubation  with  the  indicated  concentrations  of  either 
dexamethazone  or  calcium  lonophore  A23187  with  or  without  WH- 1065 

*  DNA  fragmentation  was  determined  after  8  h  incubation  The  results 
are  mean  t  SE  from  three  experiment*. 
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of  thymocytes  Is  due  to  action  of  a  Ca2*-  and  Mg2*-de- 
pendent  nuclear  endonuclease  that  cleaves  host  chro¬ 
matin  Into  oligonucleosome-length  fragments  (1-6).  We 
tested  the  effect  of  WR-1065  on  Ca2*-  and  Mg2*-depend- 
ent  DNA  fragmentation  In  thymocyte  nuclei.  Nuclei  were 
Isolated  from  thymocytes  and  incubated  in  Tris-buffered 
(10  mM,  pH  7.5)  isotonic  sodium  chloride  with  and  with¬ 
out  added  Ca2*  and  Mg2*.  We  found  that  most  of  the  DNA 
remained  intact  in  thymocyte  nuclei  incubated  with  Mg3* 
or  Ca2*  alone,  but  when  both  ions  were  present  about 
68%  of  DNA  was  fragmented  (Table  Ill).  Interestingly. 
WR-1065  inhibited  Ca2*-  and  Mg2*-dependent  DNA  frag¬ 
mentation  in  thymocyte  nuclei  (Table  Ill).  The  results  of 
this  study  suggest  that  WR-1065  could  be  protecting  the 
thymocytes  from  DNA  fragmentation  by  inhibiting 
the  action  of  Ca2*-  and  Mg2*-dependent  nuclear  endo¬ 
nuclease. 

DISCUSSION 

The  results  of  these  studies  clearly  indicate  that  WR- 
1065  inhibits  the  intemucleosomal  DNA  fragmentation 
and  cell  death  in  thymocytes  exjosed  to  7-radiation,  dex- 
amethazone.  and  calcium  lonophore  A23187.  WR-1065 
is  known  to  protect  mammalian  cells  from  radiation- 
induced  reproductive  death  when  incubated  with  the 
cells  before  and  during  Irradiation;  It  does  not  inhibit 
reproductive  death  when  added  to  ceils  after  Irradiation 
(22-25,  30-32).  When  mammalian  cells  are  exposed  to 
ionizing  radiation,  DNA  damage  occurs  during  Irradiation 
due  to  direct  interaction  of  free  radicals  with  DNA  and  It 
can  be  measured  Immediately  after  irradiation  (33).  It  is 
thought  that  the  presence  of  WR-1065  In  cells  during 
irradiation  prevents  reproductive  death  by  Interferring 
with  the  Interactions  of  radiation-induced  free  radicals 
with  DNA  (30-32). 

The  ability  of  WR-1065  to  protect  against  free  radical 
interaction  with  DNA  is  apparently  not  related  to  its 
ability  to  prevent  apoptosis  in  Irradiated  cells.  DNA  frag¬ 
mentation.  a  characteristic  of  apoptosis,  is  unaffected  by 
incubating  cells  with  WR-1065  before  irradiation;  frag¬ 
mentation  is  at  the  same  level  In  the  Irradiated  cells 
pretreated  with  WR-1065  as  It  is  in  cells  not  pretreated 
with  WR-1065  (Table  I).  In  thymocytes  there  is  no  DNA 
fragmentation  immediately  after  irradiation:  fragmenta¬ 
tion  begins  at  2  to  3  h  postlrradlatlon  and  Increases  with 
time  (Fig.  1).  In  apoptosis.  DNA  fragmentation  appears  to 
be  a  distinctively  postlrradlatlon  cellular  process.  Inas¬ 
much  as  the  presence  of  WR-1065  in  the  cell  after  irra¬ 
diation  completely  blocks  DNA  fragmentation.  It  may  be 
inhibiting  a  postirradiation  cellular  process  responsible 


TABLE  III 

Effect  of  WR-1065  on  activation  of  endoqenous  endonuclease  In 
Isolated  thymocyte  nucL'* 


Treatment# 

CaC!|. 

5  mM 

M*CU. 

10  mM 

DNA  fragmentation 

r*  1 

Nuclei 

- 

- 

0.7  ±  0.4 

- 

+ 

0.8  t  0  1 

- 

25  0  ±  1.6 

+ 

68.2  ±  1.3 

Nuclei  +  WR-1065* 

- 

- 

0.3  ±  0.3 

- 

0.6  ±  0.1 

♦ 

- 

0.5  ±  0.1 

+ 

0  4  t  0.1 

•Thymocyte  nuclei  were  incubated  with  different  concentrations  of 
cations  at  37’C  for  4  h  and  DNA  was  estimated  as  mentioned  In  Materials 
and  Methods.  without:  +  .  with. 

*  10  mM  WR-1065.  fh$  results  are  mean  ±  SE  from  three  experiments. 


for  DNA  fragmentation.  It  has  been  reported  that  the 
magnitude  of  radioprotection  against  reproductive  death 
depends  on  the  Intracellular  concentration  WR-1065  at 
the  time  of  irradiation  (32).  The  ability  of  WR-1065  to 
protect  against  DNA  fragmentation  during  apoptosis  de¬ 
pends  on  the  concentration  of  WR-1065  during  postir- 
radlation  incubation  (Fig.  3). 

Dexamethazone  and  calcium  ionophore  A23187  induce 
a  similar  degree  of  DNA  fragmentation  in  thymocytes  as 
those  observed  after  irradiation.  WR-1065  inhibits  DNA 
fragmentation  in  these  cases  also,  suggesting  a  common 
mechanism  of  action.  Our  studies  with  thymocyte  nuclei 
indicate  that  WR-1065  inhibits  a  Ca2*-  and  Mg2*-depend- 
ent  process  responsible  for  DNA  degradation.  In  our  stud¬ 
ies,  more  than  50%  of  the  DNA  was  fragmented  in  iso¬ 
lated  nuclei  incubated  in  the  presence  of  Ca2*-  and  Mg2* 
(Table  III).  DNA  Isolated  from  irradiated  cells  (Fig.  2.  lane 
D )  and  cation-treated  unirradiated  nuclei  (not  shown) 
showed  no  difference  in  their  electrophoretic  patterns. 
The  specific  pattern  of  degradation  of  DNA  into  ollgonu- 
cleosomal  subunits  suggests  that  an  endonuclease  may 
be  involved  in  the  process.  It  is  possible  that  a  Ca2*-  and 
Mg2*-dependent  nuclease  may  be  constitutively  present 
in  an  inactive  form  in  thymocyte  nuclei.  When  optimum 
concentrations  of  Ca2*  and  Mg2*  are  present,  the  enzyme 
may  be  activated  to  degrade  DNA  into  oligonucleosomal 
subunits.  A  nuclease  of  similar  specificity  has  been  de¬ 
scribed  in  nuclei  of  thymocytes  and  other  mammalian 
ceils  (34-37).  Nuclei  incubated  with  WR-1065  showed  no 
cation-dependent  DNA  fragmentation  (Table  III),  suggest¬ 
ing  the  Inhibition  of  action  of  nuclease. 

A  variety  of  molecular  and  cellular  mechanisms  has 
been  proposed  to  explain  the  ability  of  WR-1065  to  pro¬ 
tect  mammalian  cells  from  radiation-induced  reproduc¬ 
tive  death  (20.  38).  The  mechanism  of  protection  offered 
by  WR-1065  In  our  experiments  is  not  clear.  However, 
several  possible  mechanisms  for  the  action  of  WR-1065 
in  thymocyte  apoptosis  may  be  suggested  from  the  above 
results.  First.  WR- 1 065  may  inhibit  the  DNA  degradation 
by  altering  the  structure  of  intemucleosomal  region  in 
chromatin.  WR-1065  binds  to  DNA  and  nuclear  proteins 
In  mammalian  cells  (39).  This  binding  In  thymocyte  nu¬ 
clei  may  alter  the  conformation  of  chromatin  In  such  a 
way  that  intemucleosomal  region  may  not  be  available 
for  degradation  of  chromatin  Into  oligonucleosomal  sub¬ 
units.  Second.  WR-1065  may  inactivate  the  enzyme  re¬ 
sponsible  for  DNA  degradation.  WR-1065  forms  mixed 
disulfides  with  sulfhydryl  groups  in  protein  (20.  38).  It  is 
possible  that  WR-1065  may  inactivate  the  nuclear  en¬ 
donuclease  by  forming  mixed  disulfides  with  sulfhydryl 
groups  of  the  enzyme.  Third.  WR-1065  may  regulate  the 
cellular  transport  of  cations  necessary  for  DNA  degrada¬ 
tion.  Studies  indicate  that  WR-2721  and  WR-1065  mod¬ 
ulate  calcium  metabolism  in  chronic  renal  failure  (40) 
and  in  hypercalcemia  of  malignancy  (41).  Recently,  WR- 
1 065  was  shown  to  prevent  calcium  entry  and  cell  death 
in  U937  human  premonocytic  cell  line  exposed  to  hydro¬ 
gen  peroxide  (42).  The  precise  cellular  mechanism  by 
which  WR- 1 065  regulates  calcium  transport  is  unknown. 
WR-1065  does  not  form  chelation  complexes  with  Ca2‘ 
and  Mg2*  (43).  It  may  either  act  directly  on  calcium  chan¬ 
nels  in  the  membrane  or  inhibit  lipid  peroxidation  of 
membranes  and  prevent  calcium  entry.  Lipid  peroxida¬ 
tion  alters  membrane  permeability  and  increases  calcium 
Influx,  and  It  can  be  Induced  bv  several  oxidants  Includ- 
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ing  Ionizing  radiation  (44-46).  WR-1065  Is  known  to 
Inhibit  the  lipid  peroxidation  of  membranes  (47.  48). 
Studies  are  In  progress  to  understand  the  precise  cellular 
and  molecular  mechanism  of  action  of  WR-1065  In  pro¬ 
tecting  thymocytes  from  apoptosis. 
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